This work investigates the influence of deleterious phases precipitation on the corrosion resistance of two wrought superduplex stainless steels UNS S32750 with similar composition, but different grain sizes. Isothermal treatments were carried out to introduce different amounts of deleterious phases, such as chi (χ), sigma (σ) and secondary austenite (γ 2 ). The specimens were tested by double loop electrochemical potentiodynamic reactivation test (DL-EPR). The kinetics of precipitation in the two steels was different due to the difference of the grain sizes. The results show a correlation between the sensitization degrees, measured by DL-EPR, with the amount of deleterious phases precipitated.
Introduction
Duplex (DSS) and superduplex stainless steels (SDSS) are materials used extensively in petrochemical industries due to elevated mechanical strength and high pitting corrosion resistance 1 . These characteristics are attributed to microstructural features, such as; grain refinement, approximately equal parts of austenite (γ) and ferrite (δ), and also to the alloying elements Cr, Mo and N dissolved in these phases 2 . However, during welding, heat treatment and hot forming operations, deleterious phase precipitation may compromise the use of these materials in severe service conditions.
The most dangerous and also the most studied intermetallic compound in austenitic-ferritic stainless steels is the sigma phase (σ), which can be formed by slow continuous cooling 3, 4 or by isothermal treatments 5 . According to published Temperature-Time-Transformation (TTT) diagrams 1, 6 , the higher kinetics of precipitation occurs in the 800 -950 °C range. Ferrite former elements, such as Cr, Mo and Si, increase the susceptibility of sigma phase formation in DSS and SDSS. Secondary austenite (γ 2 ) can also be formed during thermal treatments. The precipitation can occur at ferrite/ferrite grain boundaries, as chromium nitrides particles, in association to sigma phase as divorced eutectoid (δ→γ 2 +σ), or even due to the growing of primary austenite 7, 8 . Besides γ 2 and σ, the chi phase (χ) may also be formed in Mo containing steels heated in the 700 -900 °C range 9, 10 . Although all these phases may cause the decrease of mechanical properties and corrosion resistance, σ may be considered the most dangerous. The kinetics of precipitation of deleterious compounds is a function of the chemical composition 11 and grain size 5 . For the reasons explained above, it is very important to characterize DSS and SDSS by electrochemical techniques to determinate the degree of sensitization and hence the susceptibility of deleterious phases precipitation. Nowadays one of the most employed techniques is the double loop electrochemical polarization reactivation test (DL-EPR). The development and optimization of a procedure based around this technique for assessing sensitization degree in DSS and SDSS is therefore of great interest. Generally for DSS, the electrolyte used is sulphuric acid (H 2 SO 4 ), with the increase of KSCN and NaCl additions. Lopez et al. 12, 13 analyzed the influence of σ phase precipitation on corrosion resistance in a DSS UNSS31803 sample aged at 675 °C and 900 °C by DL-EPR testing using a 2.00 M H 2 SO 4 + 0.01 M KSCN + 0.50 M NaCl solution at 30 °C. These authors considered the material susceptible to intergranular corrosion when the degree of sensitization (DOS=I r /I a ) was greater than 0.05 12, 13 . However, other researches 14, 15 were performed using different concentrations of HCl, taking into account the temperature effect. For instance, Amadou et al. 14 , evaluated the sensitization of UNS S31250 duplex stainless steels ; secondly, to determine a correlation of deleterious phases precipitation by DL-EPR testing and optical microscopy analysis in specimens that were isothermally heat treated. Also of interest was the comparative analysis of two SDSS with similar chemical compositions, but different grain sizes.
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Experimental
The compositions of the two materials studied are shown in Table 1 . SD-A and SD-B have similar chemical compositions, both fitting the UNS S32750 specification. Austenitic and ferritic volumetric fraction and grain sizes of each material are shown in Table 2 . The volume fractions of phases were measured by image analysis of the specimens prepared with Beraha's reagent (100 ml H 2 O + 20 ml HCl + 0.3 -0.6 g potassium metabissulfite), and grain sizes were determined by electron backscattered scanning diffraction (EBSD), as reported in a previous work 5 . SD-A and SD-B have different grain sizes because they were processed by different ways. The SD-A (fine grained) was cut from a hot rolled and solution treated sheet with 9.5 mm thickness. The SD-B specimen was cut from a forged and solution treated bar with 203 mm of diameter. The hot forging resulted in a much coarser grain size of ferrite and austenite than the hot rolling process.
The specimens were cut, 15 × 10 × 5 mm, and machined from the as received materials. After this, the specimens were isothermally treated at 800 °C, 850 °C, 900 °C and 950 °C for 5, 15, 30, 45 and 60 minutes followed by water cooling.
The deleterious phase quantification was performed by image analysis of the specimens prepared with electrolytic etching in 15% KOH solution (3V, 12 s). The images were obtained in a light optical microscope with 240X, 475X and 950X magnifications. The quantifications were performed with Image Tools software 18 analyzing 20 fields per condition. The DL-EPR tests were performed to evaluate the degree of sensitization due to the precipitation of deleterious phases. These tests were conducted in 2.00 M H 2 SO 4 + 0.01 M KSCN + 0.50 M NaCl solution at room temperature, 40 °C and 60 °C. As reported, this electrolyte had been previously used to study the effects of sigma phase precipitation in duplex stainless steels 12, 13 . The tests were conducted in a three electrode cell with working electrode, saturated calomel electrode (SCE) as a reference, and Pt foil as a counter electrode. Working electrodes were constructed with each SDSS sample embedded in epoxy resin with cooper wire as an electric contact. The working electrodes were ground sequentially with 100, 220, 320 and 400 emery papers, degreased with alcohol and cleaned in water. After this, the edges of the samples were protected to avoid crevices. The test was initiated after the open circuit potential (E OC ) had been achieved, in approximately 30 minutes. The potential was varied in the anodic direction with a sweep rate of 1.0 mV.s -1 until 0.3 V SCE (in relation with SCE) for all the conditions analyzed. Then, the scan was reversed, maintaining the same sweeping rate in the cathodic direction until it reached the E OC value again. The degree of sensitization (DOS) was evaluated by two methodologies. The first one was by the I r /I a ratio, where I a is the maximal activation peak current of the anodic scan and I r is the maximal reactivation peak current observed in the reversed scan. The second method proposed was by the Q r /Q a charges ratio, where Q a is the integrated current under the peak over the time in the anodic scan and Q r is the integrated current under the peak over the time observed in the reversed scan 19 . The second method was proposed, in this work, because of the appearance of several peaks in the activation and reactivation scans. After the tests, some specimens were observed in the light optical microscope (LOM). For a better characterization, the samples were slightly polished with alumina 0.1 μm in aqueous suspension before examination.
The DL-EPR test was also performed using a portable cell in order to develop it for field application. A small cell was fixed to the specimen surface by cyanoacrylate-based adhesive. After this, hot-melt thermoplastic adhesive was used for reinforcement of the base cell. Finally, after pouring the solution into the cell, a platinum wire counter electrode was carefully screwed around the saturated calomel electrode (SCE) and immersed in the electrolytic cell. Figure 1 shows schematically the cell fixed on the surface of the specimen and the disposition of electrodes for this field analysis.
Results
DL-EPR tests were performed on the as received materials at room temperature (25 °C), and did not show reactivation peaks. The I r /I a and Q r /Q a values obtained for different conditions of the isothermal treatment are shown in Figures 2 and 3 respectively, with similar behaviour in the SD-A and SD-B steels. In these figures, the dashed line indicates the limit of I r /I a equal to 0.05, as proposed by Lopez et al. 12, 13 for DSS tested at 30 °C. In the fine grained SD-A steel, higher reactivation peaks were observed in the specimens aged at 800 °C and 850 °C. In SD-B steel the higher peaks were observed in the specimens aged at 800, 850 and 900 °C, and the intensities were lower than in the SD-A specimens. It can be also be observed that the aging time necessary to reach the limit of I r /I a = 0.05 is lower in the SD-A specimens than in SD-B steel specimens. In specimens of the SD-A aged at 850 °C this time was approximately 20 minutes, while in the SD-B specimens aged at 850 and 900 °C this time was approximately 36 minutes. The explanation is that the decrease of grain size enhances the kinetics of precipitation of deleterious phases, i.e. increases the sensitization susceptibility of the alloy. Table 3 summarizes the results of I r /I a and Q r /Q a from Figures 2 and 3 .
The DL-EPR test was originally developed to evaluate the intergranular corrosion resistance of austenitic stainless steels (ASS) of type AISI 304, using a solution of 0.5 M H 2 SO 4 + 0.01 M KSCN at room temperature 13 . For more corrosion resistant materials, more aggressive test solutions and/or higher temperatures must be employed, although the DOS may also be influenced by the sweep rate used. A second set of experiments were performed at 60 °C, however, in these tests reactivation peaks were detected in the as received samples of both materials (Figure 4) , which means that the electrolyte was too aggressive. After several experiments it was found that 40 °C was the most suitable temperature for testing the material under these conditions, because the DL-EPR curves showed no reactivation peaks in the as received condition (solution treatment) for both materials. Furthermore, tests performed at several heat treatment conditions showed a higher sensitivity to the 
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precipitation of deleterious phases than tests performed at room temperature, as shown in Figures 5 and 6 . In this test condition the behaviour of the I r /I a and Q r /Q a ratios were very similar, as summarized in Table 4 . For this reason only the Q r /Q a ratio versus deleterious phases precipitated are represented in Figures 7 and 8 and Table 5 for SD-A and SD-B. Additionally, as already observed in the tests at room temperature, the tests at 40 °C showed that the increase of I r /I a and Q r /Q a was faster in SD-A than in SD-B, due to its smaller grain size. Figures 9 and 10 show the microstructures of SD-A aged at 850 °C for 60 minutes and SD-B aged at 850 °C for 45 minutes, respectively. The microstructures were revealed by DL-EPR tests at room temperature and 40 °C. In Figures 9a, 10a and b the arrows indicate the formation of the deleterious phases sigma (σ) and secondary austenite (γ 2 ), which resulted from the eutectoid decomposition of ferrite (δ). The arrows in Figure 9b point the cavities formed in the eutectoid σ + γ 2 structures during the DL-EPR test.
As shown in a recent work 7 , depending on the conditions of the isothermal treatment, the σ phase may be formed from the δ as a result of lamellar eutectoid decomposition, or independently, as large plates. Figure 11 shows the microstructure of SD-B aged at 900 °C for 45 minutes, observed after the DL-EPR test at room temperature. In these images it is possible to observe the formation of σ phase from the decomposition of ferrite into lamellar eutectoid, resulting in numerous sites of low resistance to corrosion.
In the specimens of SD-A and SD-B treated at 850 and 900 °C for long periods of time was observed a reduction in the I r /I a and Q r /Q a values measured by DL-EPR. This phenomenon maybe associated to the formation of thicker σ lamellae, as well as the formation and independent γ 2 particles precipitation 7 . Besides, the high temperature and long aging time also promotes the Cr and Mo diffusion, reducing the amount of chromium and molybdenum depleted boundaries, resulting in a lower value of I r /I a and Q r /Q a . This healing process was reported by Angelini et al. 20 . A clear example of desensitization process is shown by specimens aged at 950 °C, Figures 7 and 8 . At this temperature, despite the intense precipitation of deleterious phases in the initial stages of isothermal treatment, the Q r /Q a values remained below the critical value. This maybe a consequence of the γ 2 formed independently, and/or the formation of coarse σ phase plates at this high temperature, leading to only a few boundaries with low corrosion resistance. Figure 12 shows the microstructure of the SD-A treated at 950 °C for 45 minutes after DL-EPR test at room temperature, where it is possible to observe the γ 2 plates precipitated independently, as well as large σ plates indicated by arrows. Another arrows point shows regions with low corrosion resistance. Several reactivation curves showed the presence of two or more peaks and for that reason, measurements of Q r /Q a ratios were performed to verify some influences in the I r /I a , where maximum I r and I a values were adopted. As shown, for the different conditions studied, the obtained results were very similar. According to Číhal et al. 21 , the presence of more than one peak is related to different concentrations of chromium depleted zones. Goodwin et al. 22 attributed the second reactivation peak to the sigma phase precipitation in a DSS. In this sense, Wu & Tsai 23 mentioned that in Ni Alloy 600 these peaks are related to pitting corrosion, intergranular corrosion and matrix corrosion with the decreasing potential. In this context, Figure 13 shows the DL-EPR cycles where the highest I r /I a and Q r /Q a ratios were obtained, indicating two reactivation peaks at 800 and 850 °C in SD-A and SD-B. The specimens of SD-A and SD-B treated at 800 and 850 °C showed that reactivation curves as two distinct peaks, but this phenomenon tends to disappear in specimens aged at 900 °C. In specimens aged at 950 °C the two reactivation peaks were not so clearly observed, only a small hump could be noted.
DL-EPRs were also tested in a portable cell, as shown in Figure 1 , envisaging its use as a field and non-destructive analysis. Two test conditions were performed, in specimens of SD-B aged at 800 °C and 850 °C for 60 minutes. The results were very close to those obtained in the conventional cell, as shows in Figure 14 . 
Conclusions
In the present study the sensitization of two superduplex steels with similar composition (UNS S32750) but different grain sizes (SD-A-fine grained and SD-B-coarse grained) was studied by means of DL-EPR tests and microscopy. The main conclusions are:
The DL-EPR test for both steels analyzed was optimized by the use of an electrolyte of 2.00 M H 2 SO 4 + 0.01 M KSCN + 0.5 M NaCl solution at 40 °C.
Specimens treated at 850 °C and 900 °C for long periods of time showed a decrease of the degree of sensitization. This process of desensitization can be explained by two parallel mechanisms. The first one is related to the formation of thick lamellar of σ and independent γ 2 particles precipitation which has higher corrosion resistance than formed by divorced lamellar eutectoid decomposition. The other one is attributed to Cr and Mo diffusion known as healing. These processes were even more evident in specimens aged at 950 °C, whose Q r /Q a values remained below the critical value of 0.05.
The I r /I a and Q r /Q a ratios presented similar behaviour in all conditions studied.
Two reactivation peaks were observed in specimens aged at 800 and 850 °C. These features in the peak reactivation can be attributed to deleterious phases precipitated and/or changes in their morphology that promoted different concentration of chromium depleted zones.
DL-EPR tests can be used as a portable test for field analysis. Due to the difficulty of achieving the test temperature of 40 °C, it is advisable to use a more aggressive electrolyte to obtain results with greater sensitivity.
